Parental phenotype is known to influence the inheritance of atopic diseases, such as allergic asthma, with a maternal history being a more significant risk factor for progeny than paternal history. We hypothesized that recall Th1-or Th2-type immune responses during pregnancy would result in transfer of maternal factors that would differentially impact development of immune responsiveness in offspring. Following weaning, susceptibility and severity of allergic airway disease (a murine model of human asthma) was evaluated in progeny, disease being elicited by immunization with OVA-Al(OH) 3 and challenge with aerosolized OVA. We found that progeny of mothers with Th1-biased immunity to OVA subjected to recall aerosol challenge during pregnancy had reduced levels of Ag-specific IgE and airway eosinophilia compared with progeny of mothers with Th2-biased immunity to OVA or naive mothers. Interestingly, progeny of mothers with Th1-type immunity to a heterologous albumin, BSA, were not protected from developing OVA-induced allergic airway disease. These findings demonstrated that maternal transfer of protection from development of allergic airway disease to offspring in this model of maternal Th1type immunity was Ag specific.
hallmarks of the allergic response in vivo in animal models of asthma and in humans with disease.
In contrast to adults, immune responses elicited in early life can be predominated by Agspecific CD4 + T cells producing Th2 cytokines and a reduced frequency of IFN-γ-producing CD8 + cells. This tendency toward generation of Th2-biased immunological memory has been observed in neonatal mice and humans, even in response to infectious agents (15) (16) (17) . The potential mechanisms underlying the immaturity of the immune system in early life are not completely understood, but have been suggested to be the result of developmental or functional deficiencies in APCs (18) , neonatal T cells (19) , or both (17) .
It has been proposed that decreased exposure to stimuli capable of eliciting Th1-type immune responses during childhood is a mechanism to explain the increasing prevalence of allergic diseases such as asthma (20, 21) . Although the concept as originally envisaged has been modified as the field evolved in the past 15 years, support remains for the idea that exposures to microbes could be important to direct maturation of the immune system in early life toward a healthy balance of Th1-and Th2-type immune responsiveness. Epidemiologic studies are supportive of this "hygiene hypothesis," whereby decreased exposure to other children, infectious diseases, or microbial products is associated with increased risk of allergic disease (22) (23) (24) (25) . In addition, the ability of certain environmental conditions to increase or decrease asthma susceptibility, such as day care attendance or endotoxin exposure, can be transposed or eliminated based on parental history of atopy or asthma (26, 27) . Parental phenotype is also known to influence the inheritance of atopic diseases, such as allergic asthma, with a maternal history being a more significant risk factor for progeny than paternal history. The mechanisms that explain parent-of-origin effects on this or other immune-mediated inflammatory diseases (such as diabetes, rheumatoid arthritis, or inflammatory bowel disease) is not known, but could be the result of immune interactions between mothers and their offspring in utero via the placenta or in early postnatal life via breast milk (28) (29) (30) (31) (32) .
Understanding the mechanisms that mediate the maternal influence on attenuation or exacerbation of disease development in offspring is critical to prevention of childhood asthma, and perhaps other inflammatory diseases. We hypothesized that modulation of the maternal immune environment would affect development of immune responsiveness in offspring via transfer of factors to influence susceptibility or resistance to development of allergic airway disease. The idea that maternal immunity can affect development of immune responsiveness in children was not new. In fact, the role of passively transferred maternal Abs in protection of the fetus and newborn is a fundamental concept in immunology (33) . Further, numerous studies demonstrate that maternal IgG can suppress IgE responses in offspring (34) , although the mechanism by which the suppression occurs is not completely understood. We developed models of Th1-vs Th2-mediated airway disease and determined that following resolution of disease symptoms during 6-8 wk, disease could be reinstated by re-exposure to aerosolized Ag. Parameters of disease severity, as indicated by Agspecific Ig levels in serum and distribution of leukocyte populations in the airways, were virtually unaffected when the recall aerosol challenge was during pregnancy. Therefore, using this model, we produced offspring exposed to the effects of maternal-derived Th1-or Th2-type immune responses in utero and during nursing. We then determined the susceptibility or resistance of offspring to development of allergic airway disease following immunization with OVA-Al(OH) 3 and aerosol challenge. We found that progeny of Th1biased OVA-immune mothers subjected to recall aerosol challenge during pregnancy had reduced levels of Ag-specific IgE and airway eosinophilia compared with progeny of Th2biased OVA immune or naive mothers. Interestingly, this effect was Ag specific in offspring because maternal Th1-biased immunity directed against a heterologous albumin (BSA) did not result in transmission of protection from OVA-induced allergic airway disease.
Materials and Methods

Animals
Male or female C57BL/6J mice were obtained from The Jackson Laboratory or bred in our colony at the University of Connecticut Health Center. All mice were fed sterile food and water and housed in microisolators under specific pathogen-free conditions. Their care was in accordance with institutional and Office of Laboratory Animal Welfare guidelines.
Ag exposures
The sensitization and challenge protocol used to establish maternal airway disease, summarized in Fig. 1 , was modified from the 6-wk discontinuous model characterized by Schramm et al. (35) . Six-week-old female C57BL/6J mice were immunized with OVA (25 μg, grade V; Sigma-Aldrich) emulsified in CFA containing 250 μg of killed Mycobacterium tuberculosis H37 Ra (BD Diagnostic Systems) (s.c.; Th1-type conditions) or adsorbed to 2 mg of Al(OH) 3 (i.p.; Th2-type conditions) separated by at least 7 days. The second immunization of OVA-CFA-primed mice was with 25 μg of OVA emulsified in IFA (i.p.). Nine-35 days following the final immunization, animals were exposed daily to aerosolized Ag generated from 1% OVA in normal saline using a Bioaerosol Nebulizing Generator (BANG; CH Technologies). Exposures were 1 h for 7 consecutive days delivered via a noseonly inhalation exposure chamber with space for exposing 48 mice simultaneously (In-Tox Products). In some experiments, 6-8 wk after the initial aerosol exposure, a time when the inflammatory response had resolved (35) , females were bred with naive C57BL/6J males. Pregnant mice were subjected to a secondary challenge with aerosolized OVA daily, at embryonic day (E) 3 E11-17 of pregnancy (day of vaginal plug is E0). Serum was collected 1 wk after the second i.p. immunization, 24 h after the 7 day primary aerosol challenge, and on day E18 (24 h after the 7 day secondary aerosol challenge). The gestational period in mice is 19-20 days and mice were not manipulated on those days. Some pregnant mice were sacrificed at E18, 24 h after the secondary aerosol challenge for analysis of airway leukocytes in bronchoalveolar lavage (BAL) fluid.
To evaluate the environmental effects of maternal derived Th1-type immune responses on the innate immune system of offspring, a parallel experiment was performed using 6-wk-old female C57BL/6J mice immunized with a heterologous Ag, BSA (25 μg, minimum 98%; Sigma-Aldrich). The protocol for immunization was identical with the Th1-type conditions described for OVA. Five weeks following the second immunization, animals were exposed to aerosolized Ag generated from 1% BSA in normal saline. Daily exposures were 1 h for 7 consecutive days. To avoid cross-contamination between OVA and BSA, it was necessary to generate aerosolized BSA using a separate BANG and to deliver the aerosolized Ag via a separate nose-only inhalation exposure chamber with space for exposing 12 mice simultaneously (In-Tox Products). Seven weeks after the initial aerosol exposure, females were bred to naive C57BL/6J males and subjected to secondary challenge with aerosolized BSA during pregnancy exactly as described above.
Susceptibility or resistance to development of OVA-induced allergic airway disease was assessed in offspring with different histories of exposure to the effects of maternal-derived immune responses. Pups were from mothers with Th1-type immunity to OVA (OVA-CFA) or BSA (BSA-CFA), or Th2-type immunity to OVA (OVA-Al(OH) 3 ) subjected to recall challenge with aerosolized Ag during pregnancy. Control pups were from naive mothers never exposed to Ag. Pups 4-5 wk of age were immunized with 25 μg of OVA adsorbed to 2 mg of Al(OH) 3 and 7 days later with 8 μg of OVA adsorbed to 2 mg of Al(OH) 3 . Three to 5 wk after the second immunization, mice were subjected to challenge with aerosolized 1% OVA daily for 4 or 7 days (1 h exposure time). Mice were sacrificed 24 h after the last aerosol exposure for assessment of disease severity as indicated by OVA-specific Ig levels in serum and distribution of leukocyte populations in the airways.
Analysis of airway leukocytes
BAL was performed 24 h after the last aerosol challenge, under terminal ketamine/xylazine anesthesia. Lungs from each animal were lavaged in situ with five 1-ml aliquots of sterile saline. Total leukocyte counts were performed with a hemacytometer using trypan blue dye exclusion as a measure of viability or with a Z2 Coulter Counter (6-20 μm; Beckman Coulter). The BAL cell differential was determined by analysis of cytocentrifuged slide preparations stained with Wright-Giemsa.
Flow cytometry
mAbs used to identify airway leukocyte populations collected from BAL fluid were anti-CD45-FITC (30-F11), -TCRβ-PE (H57-597), -CD11b-PerCP-Cy5.5 (M1/70), -CD19-PE (1D3), -CD4-PerCP (RM4-5),-CD8α-allophycocyanin (53-6.7), and -CD90.2allophycocyanin (53-2.1) purchased from BD Pharmingen. Cells (10 4 -10 6 ) were incubated with 100 μl of appropriately diluted mAbs in PBS containing 0.2% BSA and 0.1% NaN 3 for 30 min at 4°C, and then washed twice with the same buffer. Relative fluorescence intensities were determined on a 4-decade log scale by flow cytometric analysis using a FACSCalibur (BD Biosciences).
ELISPOT
Following sensitization with OVA-CFA or OVA-Al(OH) 3 , the frequencies of splenic CD4 + or CD8 + T cells capable to produce cytokines in response to stimulation with OVA peptide Ag were determined. Five days after the second i.p. immunization, suspensions of spleen cells were prepared using a ground glass homogenizer and passed through 100 μm of NITEX nylon mesh (Tetko) to remove connective tissue. RBCs were lysed via two sequential incubations in Tris-ammonium chloride (13 mM Tris, 135 nM NH 4 Cl (pH 7.2)) for 4 min at 37°C. Splenocytes were suspended in RPMI 1640 containing 10% FBS and 2 × 10 −5 M 2-ME. ELISPOTs were performed essentially as described (36) . Cells were plated in duplicate (as four, 2-fold serial dilutions starting at 10 6 cells/well) onto opaque membranesealed 96-well ELISPOT plates (Millipore) previously coated with Abs to capture individual cytokines (anti-IL-4 or -IFN-γ, obtained from BD Pharmingen). After 33 h of culture at 37°C with or without OVA peptides, cells were removed by washing with distilled water. Cytokines captured from CD4 + or CD8 + T cells were visualized by sequential incubations of the membrane-coated plates using biotinylated Abs directed against a distinct epitope in the homologous cytokine, followed by HRP-conjugated anti-biotin (Vector Laboratories). The substrate for development was 3-amino-9-ethylcarbazole and the signature generated by the cytokine-producing cell in this assay was a spot. The ImmunoSpot Image Analyzer (Cellular Technology) was used to enumerate cytokine-producing cells on the basis of the comparison of control (T cells cultured without OVA peptides) and experimental wells (T cells cultured in the presence of cognate MHC class II-(OVA 323-339 and OVA 265-280 ) or MHC class I-(OVA 257-264 ) restricted OVA peptides) to detect OVA-specific CD4 + or CD8 + T cells, respectively.
Determination of serum Ig levels
Serum Ig levels were measured by ELISA using isotype-specific capture Abs. Specifically, Costar 3590 microtiter plates (Corning) were coated with rat anti-mouse IgE (R35-72) or IgG1 (A85-3) (BD Pharmingen), goat anti-mouse IgG2a or IgA (Southern Biotechnology Associates) at 2 μg/ml in PBS for 16 h at 4°C. After blocking nonspecific binding, isotypespecific Abs were captured in duplicate, as three to four, 2-fold serial dilutions of serum (within established linear ranges of the standard for each individual isotype). Detection of Ag-specific Igs was with OVA-digoxigenin or BSA-digoxigenin conjugates followed by anti-digoxigenin-peroxidase (Roche Diagnostics) essentially as described (37) . Development was with the TMB microwell peroxidase substrate system (Kirkegaard & Perry Laboratories) and A 450 measured with a Bio-Rad model 480 microplate reader.
Noninvasive whole body plethysmography
Changes in breathing pattern were measured in unrestrained animals by barometric plethysmography using the whole body plethysmograph (Buxco). The body plethysmograph detects volume and resultant pressure changes during the respiratory cycle of the animal (38, 39) . Mice were placed in a main chamber of the whole body plethysmograph, which was previously calibrated with a rapid injection of 1 ml of air. After a 5-min adjustment to the body box, baseline readings were taken and averaged over 1 min. Aerosolized normal saline (control) or methacholine in increasing concentrations (3-100 mg/ml) were nebulized through an inlet of the chamber for 2 min, and readings are taken every 10 s for 4 min after the nebulization. The readings 10 and 20 s before and after the peak response were averaged with the peak response for the enhanced pause (Penh) value associated with that nebulization. Data are reported as the percent change in Penh value from the normal saline challenge, for each mouse, for each increasing dose of methacholine.
Statistical analysis
Results are expressed as mean ± SEM. Differences in Ab levels and airway inflammatory cells between groups were determined using nonparametric Mann-Whitney U or Kruskal-Wallis tests. Differences in breathing pattern in response to the bronchoconstricting agent methacholine between sensitized and challenged mice were compared using repeated measures ANOVA. All statistical comparisons were performed using Prism 4 (GraphPad Software). Statistical significance was defined as a p value ≤0.05.
Results
Allergic airway disease was similar in pregnant and nonpregnant mice
It has been demonstrated that adult mice subjected to a discontinuous (interrupted) model of OVA-induced allergic airway disease develop secondary allergic airway inflammation with all the hallmarks of the primary disease including airway eosinophilia, OVA-specific Ig production, and airway hyperresponsiveness (35) . In this model, adult mice are sensitized with OVA-Al(OH) 3 (three weekly immunizations) and 1 wk later are challenged daily with aerosolized OVA. At 4 wk following the primary challenge, mice are subjected to a secondary challenge daily with aerosolized OVA. Parameters of disease severity are virtually indistinguishable following the primary (acute) or secondary (discontinuous) airway challenge. These results indicate that immunological memory specific for OVA exists in mice at 4 wk following the primary challenge, as has been shown by others (40) , and that the OVA-specific memory lymphocytes are able to orchestrate the secondary airway inflammatory response upon re-exposure to aerosolized Ag (35) .
We modified this discontinuous model for our studies designed to determine the impact of maternal-derived Th1-or Th2-type immune responses during pregnancy on maternal transmission of asthma susceptibility ( Fig. 1 ). Female C57BL/6J mice were immunized with Ag in adjuvant and then were challenged daily with aerosolized Ag. Eight weeks later, following resolution of airway inflammation (35) , mice were mated, and at E11-17 of pregnancy were subjected to secondary aerosol challenge. The time for allergen re-exposure was chosen based on the potential to impact development of the innate and adaptive immune system (41) (42) (43) (44) (45) , as well as T cell selection events occurring in the embryonic thymus (46, 47) . Following weaning, offspring were evaluated for susceptibility or resistance to allergic airway disease elicited by two immunizations with OVA-Al(OH) 3 and challenge daily with aerosolized OVA (48) (49) (50) .
Because the hormonal environment in pregnancy alters the magnitude and character of the immune response (51-53), we first examined whether previously sensitized and aerosolchallenged C57BL/6J mice would develop recall allergic airway disease during pregnancy. Following two i.p. immunizations with OVA-Al(OH) 3 and primary OVA aerosol exposure (~ 8 wk prior), pregnant or nonpregnant female mice were subjected to secondary OVA aerosol challenge on days equivalent to E11-17 of pregnancy, then sacrificed 24 h after the last aerosol exposure. Comparable concentrations of OVA-specific IgG1 and IgE Abs were present in serum from pregnant or nonpregnant female mice (Fig. 2) . The cellular composition of the BAL fluid was also similar between groups, with eosinophils being the major leukocyte population in both pregnant (78 ± 3%) and nonpregnant (73 ± 7%) mice (data not shown). Thus, pregnancy had no detectable impact on immunologic parameters indicative of allergic airway disease in this model.
Adjuvant determined the Th1-vs Th2-bias of systemic immunity and airway inflammation
Female C57BL/6J mice were immunized twice (separated by 10 days) with 25 μg of OVA emulsified in CFA (s.c.; Th1-inducing conditions) or Al(OH) 3 (i.p.; Th2-inducing conditions). Secondary immunization of OVA-CFA-primed mice was OVA in IFA (i.p.). Five days after the second immunization, the frequency of splenic T cells producing IL-4 or IFN-γ in response to cognate OVA peptide stimulation was determined by ELISPOT ( Fig.  3 ). OVA-specific CD4 + or CD8 + IFN-γ-producing cells were unique to mice primed with OVA-CFA, a signature cytokine of Th1-polarized cells, and were virtually undetectable in mice immunized with OVA-Al(OH) 3 (frequency < 10 per 10 5 CD4 + or CD8 + cells). In contrast, an equivalent frequency (~45-60 per 10 5 CD4 + cells) of IL-4-producing CD4 + cells (a signature cytokine of Th2-polarized cells) was detected in splenocytes from mice immunized with either OVA-CFA or OVA-Al(OH) 3 . Similar concurrent Th1-and Th2-type cytokine production by Ag-specific CD4 + cells is also observed in response to infection with Listeria monocytogenes (54) .
The airway inflammatory response in OVA-CFA-or OVA-Al(OH) 3 -sensitized mice was assessed following challenge with aerosolized OVA. Cells were harvested from the airway by BAL and the differential leukocyte count was determined by analysis of cytocentrifuged slide preparations stained with Wright-Giemsa and by fluorescence flow cytometry (Fig. 4,  A and B) . The number of airway leukocytes was significantly less in mice primed with OVA-CFA (79.8 ± 10.6 × 10 4 ) than with OVA-Al(OH) 3 (172.9 ± 24.2 × 10 4 ). In contrast to robust airway eosinophilia (76% of leukocytes) in aerosol challenged OVA-Al(OH) 3sensitized mice, a hallmark of allergic airway disease (2, 4, 55) , eosinophils represented only a minority (<1% of leukocytes) of the airway inflammatory response in aerosol-challenged OVA-CFA-sensitized mice. The majority of leukocytes infiltrating the airways upon aerosol challenge of OVA-CFA-sensitized mice were lymphocytes, primarily CD8 + T cells (~25fold greater numbers than OVA-Al(OH) 3 -sensitized mice). Differences in lung histology were consistent with the pathology that typifies Th1-vs Th2-biased lung disease. Th1-biased lung disease pathology was dominated in the late stages by lymphocytes and macrophages in the absence of mucus (L. Puddington and R. S. Thrall, unpublished results). This was opposed to the pathology of Th2-biased lung disease which is dominated by eosinophils, lymphocytes, and mucus plugs (56) . Furthermore, changes in breathing pattern in response to inhaled methacholine were evident during OVA-Al(OH) 3 -, but not OVA-CFA-, induced airway inflammatory disease as measured by unrestrained whole body plethysmography (Fig. 4C) . Although there are limitations in assessment of physiological parameters using this method (39) , the increased sensitivity to methacholine observed was consistent with our invasive measurements of lung resistance during OVA-Al(OH) 3 -induced airway inflammatory disease (56) . Similarly, our results corresponded to data from OVA aerosolchallenged mice following adoptive transfer of in vitro-differentiated OVA-specific CD4 + cells. Whereas both Th1 or Th2 cells migrate to the airways following aerosol challenge, only transferred Th2 cells induce eosin-ophilic inflammation and exhibit altered sensitivity to methacholine when examined using whole body plethysmography (57, 58) .
The recall response during pregnancy was Th1 or Th2 biased based on adjuvant used for initial immunization
Six weeks after the primary aerosol exposure (a time when the airway inflammatory response had resolved in OVA-Al(OH) 3 -sensitized and aerosol-challenged mice (35)), OVA-CFA-or OVA-Al(OH) 3 -sensitized female mice were bred with naive C57BL/6J male mice. Pregnant mice were subjected to secondary challenge with aerosolized OVA daily, at E11-17 (see Fig. 1 ). Fig. 5 shows ELISA results for OVA-specific IgG1, IgE, IgG2a, or IgA in the serum from pregnant females at gestational day E18, 24 h after the seventh daily aerosol exposure. Interestingly, challenge with aerosolized OVA was absolutely required to generate OVA-specific IgA, but not IgG1 or IgE in OVA-CFA or OVA-Al(OH) 3immunized mice (D. M. Selander, E. G. Lingenheld, and L. Puddington, unpublished results). Pregnant mice previously primed with OVA-CFA and subjected to recall OVA aerosol exhibited higher serum concentrations of OVA-specific IgG2a (~25-fold, p < 0.05) and IgA when compared with similarly challenged pregnant mice primed with OVA-Al(OH) 3 . No differences were observed between serum concentrations of OVA-specific IgG1 in OVA-CFA-vs OVA-Al(OH) 3 -sensitized mice. These results, in conjunction with the ELISPOT data (see Fig. 3 ), suggested that mice immunized with OVA-CFA-or OVA-Al(OH) 3 -generated populations of OVA-specific memory CD4 + cells capable of providing T cell help to direct OVA-specific B cell isotype switching. The character of the Ab response was consistent with the recall OVA-specific CD4 + cell cytokine production observed by ELISPOT following OVA-CFA or OVA-Al(OH) 3 immunization. It is known that IFN-γ produced by CD4 + cells directs class switch recombination during cognate interactions with Ag-specific B cells, resulting in IgG2a-producing plasma cells, thus OVAspecific IgG2a was detected primarily in the serum of OVA-CFA-sensitized mice. Similarly, IL-4 directs class switch recombination to IgG1 (and IgE) (59, 60) . Similar frequencies of CD4 + cells producing IL-4 were elicited following OVA-CFA or OVA-Al(OH) 3 immunization, and similar levels of OVA-specific IgG1 were detected in OVA aerosolchallenged pregnant mice, irrespective of the adjuvant used for maternal sensitization.
Maternal OVA-specific Abs transferred passively to offspring were Th1-or Th2-biased based on maternal immunization
Sera were obtained from 2-wk-old progeny with different histories of exposure to the effects of maternal derived immune responses. Pups were born to and nursing on mothers with Th1type or Th2-type immunity to OVA (OVA-CFA-vs OVA-Al(OH) 3 -primed mothers, respectively) subjected to recall challenge with aerosolized OVA during pregnancy. OVAspecific Igs were detected in sera from mice born to OVA immune ( Fig. 6 ) but not naive control mothers. Therefore, the acquisition of OVA-specific Igs by offspring was via passive transfer in utero or during nursing. All isotypes of maternal-derived OVA-specific Igs were present in pups of OVA-immune mothers, with the relative concentrations of each isotype reflective of their distribution in maternal sera (see Fig. 5 ). Thus, offspring whose mothers were primed with OVA-CFA and subjected to recall OVA aerosol challenge during pregnancy (at E11-17) had significantly greater serum concentrations of OVA-specific IgG2a than offspring of similarly challenged mothers primed with OVA-Al(OH) 3 . Interestingly, maternal OVA-specific IgE was present at similar levels in all 2-wk-old progeny nursed on OVA-immune mothers, irrespective of the adjuvant used for maternal sensitization (Fig. 6 and data not shown) .
Maternal Th1-biased OVA-specific immunity transferred resistance to development of OVA-induced allergic airway disease
Susceptibility or resistance to development of OVA-induced allergic airway disease was assessed in offspring with different histories of exposure to the effects of maternal-derived immune responses. Pups were from mothers with Th1-or Th2-type immunity to OVA (sensitized with OVA-CFA or OVA-Al(OH) 3 and OVA aerosol-challenged 7-8 wk prior) subjected to secondary challenge with aerosolized OVA during pregnancy (see Fig. 1 ). Control pups were from naive mothers never exposed to OVA. Following weaning and before the first immunization, maternal OVA-specific Ig levels in pups of immune mothers decline significantly (Ref. 61 and data not shown). Likewise, passively transferred maternal OVA-specific IgE present in mice nursing on OVA-immune mothers (see Fig. 6 ) declined to levels virtually undetectable by ELISA (<25-50 ng of OVA-specific IgE/ml) before the sensitization (data not shown). Allergic airway disease was elicited in 4-to 5-wk-old progeny by two immunizations with OVA-Al(OH) 3 and challenge with aerosolized OVA (48) (49) (50) . Parameters of disease severity measured in progeny of OVA-immune or naive mothers were Ag-specific Ig levels in serum and distribution of leukocyte populations in the airways.
Reduced allergic airway disease was evident in offspring of OVA-CFA-sensitized mothers subjected to secondary challenge with aerosolized OVA during pregnancy when compared with off-spring of OVA-Al(OH) 3 -sensitized or naive mothers (Fig. 7) . Serum OVA-specific IgE levels in progeny of OVA-CFA mothers (776 ± 278 ng/ml) were 2-or 4-fold less than in progeny of OVA-Al(OH) 3 mothers (1312 ± 632 ng/ml) or naive control mothers (2853 ± 728 ng/ml), respectively. Similarly, the magnitude of the OVA-induced airway inflammatory response was reduced, indicated by lower numbers of leukocytes recovered in BAL fluid from offspring of OVA-CFA mothers (54.4 ± 6.0 × 10 4 ) in comparison to offspring of OVA-Al(OH) 3 or naive mothers (115.7 ± 13.8 × 10 4 or 133.6 ± 12.7 × 10 4 ). In addition, differential leukocyte counts of cytocentrifuged slide preparations stained with Wright-Giemsa, performed in conjunction with fluorescence flow cytometric analyses, demonstrated significantly reduced numbers of eosinophils and T cells (both CD4 + and CD8 + ) in the airways of progeny of OVA-CFA mothers compared with progeny of OVA-or naive mothers. Thus, major determinants of OVA-Al(OH) 3 induced allergic airway disease severity were attenuated in offspring as a consequence of being born to and nursed on mothers with Th1-biased immunity to OVA.
Th1-biased immunity to BSA was not sufficient for maternal transfer of resistance to development of OVA-induced allergic airway disease
It was possible that maternal transfer of resistance to development of OVA-induced allergic airway disease (in offspring of OVA-CFA mothers) was the result of Ag-independent effects on development or maturation of the innate immune system in offspring. This would be consistent with the concept that early life exposures to pathogens that elicit Th1-biased immune responses protect offspring from development of allergic airway disease (21) (22) (23) (24) (25) . To evaluate whether maternal transfer of Ag-independent factors contributed to the resistance of progeny of OVA-CFA mothers to OVA-induced allergic airway disease (see Fig. 7 ), an analogous experiment was performed using a heterologous albumin, BSA. Mothers with Th1-type immunity to OVA or to BSA (C57BL/6J females mice sensitized with OVA-CFA or BSA-CFA and aerosol challenged 7-8 wk prior) were subjected to secondary challenge with aerosolized OVA or BSA, respectively, during pregnancy (see Fig. 1 ). The character and magnitude of the anti-BSA response (following sensitization with BSA-CFA and challenge with aerosolized BSA) was comparable to the anti-OVA response (following sensitization with OVA-CFA and challenge with aerosolized OVA). For example, serum levels of IgG2a were virtually identical in BSA-CFA-or OVA-CFA-primed mice after BSA or OVA aerosol challenge (1921 ± 254 μg/ml or 2218 ± 397 μg/ml, respectively) and were significantly greater than levels in naive mice (879 ± 306 μg/ml). Furthermore, there was no evidence of cross-reactivity between BSA-and OVA-specific Igs of any isotype, as determined by ELISA analyses of serum Ig from immune mice (data not shown).
Susceptibility or resistance to development of OVA-induced allergic airway disease was assessed in offspring with different histories of exposure to the effects of maternal-derived immune responses. Pups were from mothers with Th1-type immunity to OVA or BSA subjected to secondary challenge with the respective aerosolized OVA or BSA during pregnancy. Control pups were from naive mothers never exposed to OVA or BSA. Allergic airway disease was elicited in 4-to 5-wk-old progeny by two immunizations with OVA-Al(OH) 3 and challenge with aerosolized OVA (48) (49) (50) . Parameters of disease severity measured in progeny of OVA-or BSA-immune or naive mothers were OVA-specific Ig levels in serum and distribution of leukocyte populations in the airways. Reduced allergic airway disease was evident in offspring of OVA-CFA-sensitized mothers subjected to secondary challenge with aerosolized OVA during pregnancy when compared with offspring of BSA-CFA-sensitized or naive mothers never exposed to OVA or BSA (Fig. 8) . Interestingly, essentially no protection from development of OVA-induced allergic airway disease was transmitted to progeny of Th1-biased immune mothers when Ag specificity was directed against heterologous albumin, BSA. In this experiment, serum OVA-specific IgE in progeny of OVA-CFA mothers was undetectable, whereas in progeny of BSA-CFA mothers or naive control mothers OVA-specific IgE levels were virtually identical (474 ± 117 ng/ml and 528 ± 203 ng/ml, respectively). Similarly, the magnitude of the OVA-induced airway inflammatory response was reduced, indicated by lower numbers of leukocytes recovered in BAL fluid from offspring of OVA-CFA mothers (12.9 ± 3.9 × 10 4 ) in comparison to offspring of BSA-CFA or naive mothers (144.2 ± 61.9 × 10 4 or 178.0 ± 58.2 × 10 4 ). In addition, differential leukocyte counts of cytocentrifuged slide preparations stained with Wright-Giemsa, performed in conjunction with fluorescence flow cytometric analyses, demonstrated 7-to 60-fold reduced numbers of eosinophils and lymphocytes (both CD4 + T cells and CD19 + B cells) in the airways of progeny of OVA-CFA mothers compared with progeny of BSA-CFA or naive mothers. Thus, major determinants of OVA-induced allergic airway disease severity were attenuated in offspring as a consequence of being born to and nursed on mothers with Th1-biased immunity to OVA, but not when maternal Th1-biased immunity was directed against a heterologous albumin, BSA.
Discussion
The rationale for undertaking this study was to explore our hypothesis that transmitted maternal factors affect development of immune responsiveness in offspring. Numerous epidemiological studies suggest an inverse relationship between childhood exposure to Th1inducing pathogens or nonviable microbial products and susceptibility to development of inflammatory diseases, such as asthma. The idea is that early life exposures to microbes or microbial products are important to direct maturation of the immune system in childhood toward a healthy balance of Th1-and Th2-type immune responsiveness. Based on this, we hypothesized that maternal factors transmitted pre-or postnatally would profoundly impact development or severity of allergic airway disease in progeny. Our findings supported this concept wherein pups from mothers with Th1-type immunity to OVA were more protected from developing severe allergic airway disease than pups of mothers with Th2-type immunity to OVA. Interestingly, progeny of mothers with Th1-type immunity to a heterologous albumin, BSA, were not protected from developing OVA-induced allergic airway disease. Together, these data suggest that protection of offspring from allergic airway disease in this model of maternal Th1-type immunity was Ag specific and not explained by maternal transmission of factors to affect development or maturation of the innate immune system in their progeny.
Other models have been developed that examine maternal transmission of asthma susceptibility. Interestingly, a variety of outcomes have been observed following immunization and aerosol challenge of progeny that are based on history of maternal allergen exposures or immunizations. The resultant data span the complete range from increased risk to increased protection. In addition, some transmitted maternal effects on susceptibility or severity of disease in offspring are Ag specific (61) (62) (63) (64) , whereas others are independent of Ag (61, (65) (66) (67) (68) (69) . The explanation for the great diversity in disease outcome depends on the model of maternal transfer studied and is likely determined by the contribution of unique immunological mechanisms expressed in the context of specific genetic, developmental, and environmental factors. Taken together, the data illustrate profound maternal influences transferred to offspring pre-and/or postnatally capable to exacerbate or attenuate severity of allergic airway disease. It is likely that this diversity represents the human situation and could provide the basis for different outcomes reported in epidemiological studies, analyzed when stratification of the population was irrespective of maternal allergies or exposures before, or during, pregnancy and breastfeeding. As such, overall conclusions from these studies could potentially represent populations and their behavior within particular environments as has been reported for two genes encoding immune mediators known to be determinants of disease susceptibility (32, (70) (71) (72) .
Some conditions of exposure to maternal-derived allergen or immunity that determine susceptibility or severity of disease in offspring have been identified in animal models. However to date, limited information on specific cells or molecules transferred from mothers to progeny and the mechanisms by which they instigate changes in asthma susceptibility or severity have been identified. This is a challenge inherent in these types of studies, including the one presented in this manuscript, where the readout is exacerbated or attenuated symptoms of disease. This is due to the fact that identical outcomes can be achieved via interventions that impact any one of a number of immunological pathways. A BALB/c model developed by L. Kobzik and colleagues (66, 68, 69) clearly reveals transmission of increased risk for development of allergic airway disease to offspring from mothers with Th2-biased OVA-specific immunity. In addition, suboptimal immunization of progeny facilitated their determination that both pre-and/or postnatal periods of exposure to allergic mothers are capable to enhance risk for development of asthma (66, 68, 69) . In our study, C57BL/6 progeny from mothers with Th2-type immunity to OVA demonstrated no increase in susceptibility or severity of allergic airway disease when compared with progeny of naive mothers. However, in addition to the strain difference, it was determined in the BALB/c model that exposure to aerosolized Ag, i.e., restoration of allergic airway disease, immediately before mating (but not during pregnancy) was absolutely required for maternal transmission of risk. In our studies using a C57BL/6 model, secondary allergic airway disease in mothers was not reinstated until during pregnancy. Thus, lack of maternal transmission of increased risk in our model is consistent with the similar studies performed in BALB/c mice.
In contrast to the previous work, one goal of our study was to directly compare development of allergic airway disease in offspring, with the only difference between groups being the predominant character (Th1 vs Th2 type) of immunological memory and airway inflammation in their mothers. In this way, immune mothers subjected to challenge with recall aerosolized Ag during pregnancy would expose their offspring systemically to those immunological mediators and Ags transferred via the placenta. We suspect that further transfer of maternal factors generated as a result of the recalled immune response during pregnancy also occurred in early postnatal life via breast milk during nursing. The presence of maternal Ig in offspring nursed on immune, but not naive, mothers was supportive of this idea (see Fig. 6 ). Dramatic differences between the response to immunization with OVA-Al(OH) 3 vs OVA-CFA were observed in C57BL/6 mice following primary challenge with aerosolized OVA and following secondary challenge with aerosolized OVA during pregnancy (see Figs. [3] [4] [5] . Most unique to OVA-CFA-primed mice was the predominance of OVA-specific IFN-γ production by T cells following sensitization, the virtual absence of eosinophil recruitment to the airways following aerosol challenge and high levels of OVAspecific IgG2a in serum. It has been shown that treatment of pregnant CD1 mice with rIFN-γ (100 IU at E6.5) protects offspring from developing severe allergic airway disease upon sensitization and aerosol challenge (73) . An analogous correlate in humans is the demonstration that maternal stable work (i.e., exposure to environments rich in microbial products) during pregnancy is more protective against development of atopy in children than maternal stable work during lactation (32) . These data imply that in certain conditions prenatal transfer of cytokines or TLR agonists from mothers to offspring occurs, presumably via the placenta. We suspect similar prenatal transfer of maternal Th1-type soluble factors occurred in OVA-CFA and BSA-CFA immune mothers during the secondary challenge during pregnancy. Despite this, offspring of BSA-CFA immune mothers were not protected from OVA-induced allergic airway disease.
One of the most interesting findings in our model was the demonstration that maternal OVA-specific IgE was present in serum of 2-wk-old offspring nursing on Th1-or Th2immune mothers subjected to recall aerosol challenge during pregnancy. Because offspring of naive mothers were devoid of OVA-specific IgE and the fact that no mechanism to facilitate transplacental transport of IgE is thought to exist in mice or humans, the presence of OVA-specific IgE in serum of nursing offspring suggested that acquisition of maternal IgE from immune mothers was a result of intestinal absorption from breast milk. The lowaffinity IgE receptor, CD23, is expressed by intestinal epithelial cells and specific isoforms are responsible for absorption of IgE or IgE immune complexes from the intestinal lumen (74, 75) . The potential for repercussions from maternally transmitted IgE or IgE immune complexes from breast milk are likely significant in offspring. Interestingly, maternal IgE to cat allergen (76) or maternal history of asthma in conjunction with exposure to cat allergen is associated with increased risk of wheezing in childhood (77) .
Importantly, our data demonstrated that transferred protection from severe allergic airway disease in offspring of Th1-immune mothers was Ag specific. The most logical mediators of allergen specific asthma resistance in this model could be allergen-specific IgGs or IgA transferred postnatally from mothers to progeny in breast milk. Although our preliminary experiments suggest a significant role for maternal Ig in transmission of asthma resistance, further analyses are required to prove this hypothesis. This is consistent with the observations of Jarrett et al. (34) that demonstrate transfer of maternal OVA-specific IgG is sufficient to protect offspring from development of OVA-specific IgE responses following immunization, although non-IgG mediated protective effects are also noted (34) . Furthermore, if allergen-specific maternal Ig is involved in Ag-specific resistance to development of allergic airway disease, it will be important to determine the contributions of IgG, IgA, Ig receptors (e.g., FcRn, FcγR, CD23, or FcαR) and complement to the protective mechanism. In addition, the origin of cells transducing these effects (i.e., maternal or offspring) remain to be identified. Together, these data suggest that allergen immunization before pregnancy could provide protection from allergic sensitization and potentially from development of atopic disease in early life. Much further investigation of animal models and application of their findings to longitudinal studies in humans are required to determine the feasibility of such an approach. Model to determine the impact of maternal immunity on development of allergic airway disease in offspring. Imm, Immunization (OVA-CFA, OVA-Al(OH) 3 or BSA-CFA); Aer, challenge with aerosolized Ag (always matched to immunizing Ag). Parameters of OVAinduced allergic airway disease severity assessed in offspring were OVA-specific Ig levels in serum and composition of leukocytes in the airways. Pregnancy does not affect serum levels of OVA-specific IgG1 and IgE. C57BL/6J female mice were immunized three times with OVA-Al(OH) 3 (at weekly intervals) and 9 days later were challenged daily, for 7 days, with aerosolized OVA as described in Materials and Methods. Seven weeks later, select females were bred with naive C57BL/6J males and both pregnant and nonpregnant females were re-exposed to aerosolized OVA on days corresponding to E11-17 of pregnancy. Serum was collected 24 h after the last aerosol exposure (E18) and concentrations of OVA-specific IgG1 or IgE in serum were determined by ELISA. Results are from one experiment (three mice per group) and the absence of detectable differences between pregnant and nonpregnant mice was consistent with analyses of eight other mice in separate experiments. The profile of OVA-specific cytokine production was determined by the adjuvant used for immunization. C57BL/6J female mice were immunized with OVA-CFA or OVA-Al(OH) 3 as described in Materials and Methods. Five days following the second immunization, spleen cells were prepared and OVA-specific cytokine production was determined by ELISPOT. Graphs represent the frequency of cytokine-producing cells per 10 5 class II-(CD4) or class I-restricted (CD8) T cells, determined from comparisons between T cells cultured in wells containing cognate OVA peptides and control wells (without OVA peptide). Results are expressed as mean ± SE and represent four mice per group analyzed from wells containing three to four dilutions of T cells in duplicate wells. *, p ≤ 0.05 when compared between groups. The airway inflammatory response and sensitivity to methacholine observed following aerosol challenge was dependent on the adjuvant used for sensitization. C57BL/6J female mice were immunized with OVA-Al(OH) 3 or OVA-CFA and challenged for 10 days with 1% aerosolized OVA (daily exposure time 60 min). A, The differential leukocyte counts in BAL fluid collected 24 h following the last aerosol challenge as determined from analysis of cytocentrifuged slide preparations stained with Wright-Giemsa; B, distribution of T lymphocyte subsets determined by fluorescence flow cytometry; and C, changes in breathing pattern following aerosol challenge with methacholine determined by unrestrained whole body plethysmography in sensitized only (■) or sensitized and challenged mice (▲). Results are expressed as mean ± SE and represent 6 mice per group (A and B) with the exception of the physiology which represent 9-10 mice per group (C). *, p ≤ 0.05 when compared between groups.
